Relationships between urinary cadmium levels and blood pressure were examined in a sample of 951 adult men and women who participated in the Second National Health and Nutritional Examination Survey (NHANES II). Among all participants, positive relationships were seen between urinary cadmium levels and both systolic and diastolic blood pressure (p < 0.05 andp < 0.01, respectively), after adjusting for age, sex, race, relative body weight, smoking status, and hypertensive medication use. However, analyses for subgroups determined by sex and smoking status were inconsistent. Among current smokers, urinary cadmium levels were significantly positively associated with both systolic and diastolic blood pressure for women, and with diastolic blood pressure for men. Yet among former smokers and lifelong nonsmokers of both sexes, urinary cadmium was not significantly associated with either systolic or diastolic blood pressure. Evidence that some hypertensive medications increase urinary cadmium excretion suggests that the positive associations seen among current smokers may reflect high urinary cadmium levels among hypertensives induced by hypertensive treatment. After treated hypertensives were removed from the analysis, regression coefficients relating blood pressure to cadmium dropped by a factor of two and lost statistical significance. We conclude that the present data provide little support for a causal association between systemic cadmium and hypertension at nonoccupational exposure levels. Further, conflicting results of previous studies may reflect failure to control adequately for age, smoking status, and hypertensive treatment.
Introduction
Animal studies of long-term cadmium exposures (1) (2) (3) (4) (5) (6) and occupational studies (7) suggest that exposure to high cadmium levels may increase blood pressure. However, effects of exposures to lower cadmium levels that are typical of nonoccupationally exposed populations are unclear, with some studies showing a positive association (8) (9) (10) (11) (12) and others showing no association (13, 14) or even a negative association (15, 16) . The potential for increased exposure to cadmium as an environmental contaminant, coupled with the element's tendency to accumulate in the body, has raised concern that exposures to current environmental levels may themselves contribute to hypertension in the general population (17) . Cadmium from the soil tends to accumulate in many vegetable crops, so that increased application ofmunicipal sludge to agricultural land may cause increased cadmium exposure through food ingestion (18, 19) .
Here we report relationships between blood pressure and urinary cadmium in a multistage stratified probability sample of approximately 1000 adult men and women from the central and eastern United States. These individuals compose a subsample of the second U.S. National Health and Nutritional Examination Survey (NHANES II), conducted during the period 1976 to 1988 (20) .
Methods

Subjects
The NHANES II survey assessed health status of individuals from 64 areas [called primary sampling units (PSUs)] selected from a stratified sample of 1924 geographic areas within the United States. These areas, which typically consist of one or more contiguous counties, were stratified according to region, racial composition, and degree of urbanization (20) . Within Systolic and diastolic blood pressure were measured three times during the examination; at the beginning with the subject in a sitting position; and at the end, in both sitting and reclining positions. Procedures were based on guidelines published by the American Heart Association (21) . Further details on the design of this survey can be found elsewhere (20, 22) .
As part of a collaboration between the National Center for Health Statistics (NCHS) and the U.S. Environmental Protection Agency (EPA), NHANES II personnel collected and aliquoted for cadmium analysis a single casual urine specimen from a subsample of approximately 1000 study subjects during [1978] [1979] Cadmium analysis was performed by chelation and extraction. A 1-mL portion of 2% sodium N,N-diethyldithiocarbamate was mixed with 5 mL urine in a centrifuge tube. Methyl isobutyl ketone (3 mL) was added, and the tube was mixed, centrifuged for 5 min, and separated. The organic phase was then analyzed for cadmium by flameless atomic absorption spectrometry, using a Perkin-Elmer 306 instrument with an HGA-2100 graphite furnace. A calibration curve was made from spiked composite urine. Analysis was done in duplicate, with controls in each run, and accuracy of calibration was assessed using National Bureau of Standards standard reference material SRM 1643.
Adjustment for urine concentration is needed because subjects provided single (rather than 24-hr) urine samples. We adjusted the cadmium levels to a specific gravity of 1.020 as follows: adjusted cadmium level = 0.020 x sample urinary cadmium level/(sample specific gravity -1.000). Specific gravity was measured by refractometer.
Statistical Analysis
Multiple linear regression was used to examine relationships of urinary cadmium to systolic and diastolic blood pressure (arithmetic mean of the three measurements taken at interview), adjusted for age, race, relative body weight, cigarette smoking status, and current hypertensive medication use. Multiple logistic regression was used to examine relationships of urinary cadmium to current hypertensive medication use, adjusted for age, race, weight, and smoking status. Regressions were performed using both urinary cadmium and its natural logarithm. Results were similar for the two analyses, so we report only those based on the untransformed cadmium values.
The design used to subsample subjects for cadmium analysis precludes variance estimation for regression coefficients using Taylor series approximations or balanced-half sample methods (23, 24 ) that accommodate the clustered nature of the survey. Furthermore, sampling weights appropriate for subjects in the cadmium subsample were not available. Therefore, all pvalues and confidence limits are based on the assumption that the cadmium subsample is a simple random sample of the adult U.S. population.
Results
Blood pressure and urinary cadmium levels were available for a total of 960 subjects. Of these, four were excluded because their cadmium levels exceeded 20 Atg/L [considered an upper bound for plausible values in environmentally exposed individuals (17)], and five were excluded because their smoking status was unknown. Table 1 shows summary descriptive statistics for the remaining 951 subjects. A higher fraction of women than men were nonwhite, used hypertensive medication, and had avoided the cigarette habit. Women also had higher urinary cadmium levels than did men. Figure 1 shows strong age-related increases in mean urinary cadmium levels up to age 70 years for both men and women. An increasing trend of urinary cadmium with age has been noted in several studies (25, 26) and may reflect the increasing body burden of cadmium with age. Figure 1 also shows a drop in cadmium among both men (n = 45) and women (n = 39) aged 70 to 74 years. Cigarettes contain high concentrations of cadmium (0.5-2.0 Ag/cigarette) (17, 27) . Moreover, inhaled cadmium is absorbed more readily than ingested cadmium (27) . Therefore, cigarette smoking is an important source of exposure to cadmium. Figure 2 shows that cadmium levels increase with cigarette smoking rate among current smokers (p < 0.001). The slope of the fitted least squares regression line was not affected by adjustment for age. We next investigate associations between urinary cadmium and blood pressure. Table 2 presents multiple regression coefficients for blood pressure (systolic and diastolic) in relation to selected characteristics, among all participants combined. Both measures of blood pressure increased nonlinearly with age and increased linearly with Quetelet's index of relative body weight (weight in kilograms divided by the square of height in meters). By contrast, no significant or consistent effects were seen for sex, race (black vs. nonblack), or cigarette smoking status. (The number of blacks in the group was too small to provide a sensitive assessment of racial differences in hypertension). The coefficients for hypertensive medication use indicate that users had higher diastolic pressures and considerably higher systolic pressures than did nonusers. Table 2 shows that urinary cadmium levels were significantly and positively related to both systolic (p <' 0.05) and diastolic (p < 0.01) pressure, after adjustment for the other variables in the table. We added powers of urinary cadmium levels to the regressions, Figure 3A and C. The figure 3 also shows point estimates and 95% confidence intervals for regression coefficients relating blood pressure to urinary cadmium levels separately by sex and smoking status (adjusted for age, race, Quetelet's index, and current hypertensive medication use). These subgroupspecific regression coefficients are not consistent. Figure 3 might reflect merely iatrogenically elevated urinary cadmium levels among treated hypertensives. This possibility is investigated in Figure 3B and D, which show regression coefficients relating blood pressure to urinary cadmium levels when individuals who reported using hypertensive medications were deleted from the analyses. Comparisons with Figure 3A and C reveal substantial decreases in the regression coefficients for both systolic and diastolic blood pressure. All coefficients are reduced by a factor of two. Only the coefficient for systolic pressure in currently smoking women remains statistically significant. Figure 4 shows scatter plots of blood pressure versus cadmium among current smokers, with those taking hypertensive medication distinguished from other participants. Also shown are nonparametric regression curves for each of the two types of data (32) . The graph shows several outlying subjects on hypertensive medication who have high levels ofboth cadmium and blood pressure. These individuals have a disproportionate effect on estimated regression coefficients relating cadmium to blood pressure. The large regression coefficient reductions occasioned by their removal suggests that the positive associations between cadmium and hypertension noted here do not reflect a causal mechanism, but rather an effect of hypertensive treatment. Table 2 presents multiple logistic regression coefficients relating current hypertensive medication use to demographic characteristics, body size, smoking status, and urinary cadmium. Hypertensive medication users were older and heavier for their height than were nonusers. However, the two groups did not differ significantly with respect to sex, race, or smoking status. The groups also were similar with respect to urinary cadmium levels (p = 0.50), despite the presence of outlying users with high cadmium levels seen in Figure 4 . This apparent inconsistency is probably due to robustness of the logistic coefficient estimates against occasional high, outlying cadmium levels among users. Such robustness contrasts with the observed lack ofrobustness of the ordinary least squares estimates relating blood pressure levels to urinary cadmium.
All ofthe regression coefficients relating cadmium to hypertension remained essentially unchanged when years of education and blood lead levels were included in the regressions. Since blood lead levels were unavailable for half the participants, inclusion of this variable in the regressions reduced the sample size by half. Thus we have not presented results ofregressions that include blood lead levels.
Discussion
Using data from 951 participants in the NHANES II Survey, we have examined variation of urinary cadmium levels with age, sex, and smoking status, and associations between urinary cadmium levels and blood pressure levels. Cadmium levels increased with age and, among smokers, with smoking rate. The positive associations seen between urinary cadmium and age are consistent with other findings (18, 25) . Cadmium levels found in the kidney and liver at autopsy increase with age (33) . with the kidney containing about onethird of the total body burden (17) . Similarly, the positive association seen between urinary cadmium and reported cigarette smoking rates among current smokers is consistent with other observations (25, 26, 34, 35) . The drop in cadmium levels seen in Figure 1 among older individuals could be related to an age-related decline in glomerular filtration rate.
Among all participants, statistically significant positive relationships were seen between urinary cadmium levels and both systolic and diastolic blood pressure, after adjusting for age, sex, race, relative body weight, smoking status, and hypertensive medication use. However, analyses by subgroups determined by sex and smoking status were inconsistent. Among current smokers, urinary cadmium levels were positively associated with both systolic and diastolic blood pressure for women, and with diastolic blood pressure for men. Yet among former smokers and lifelong nonsmokers ofboth sexes, urinary cadmium was unrelated to either systolic or diastolic blood pressure. Further, when treated hypertensives were removed from analysis, regression coefficients decreased and lost statistical significance.
Several study limitations must be considered in interpreting the results. First, we cannot exclude the possibility that relationships of cadmium to blood pressure differed between survey respondents and nonrespondents. (The overall response rate for the NHANES II survey was 73%.) Second, the cadmium levels are subject to measurement error. Cadmium measurements were based on a single casual urine specimen taken at examination; therefore, it was necessary to adjust the cadmium levels for variable urine concentrations. The sampling procedure and the adjustment are sources of measurement error. Moreover, day-today variation in cadmium concentration has been demonstrated in complete 24-hr specimens (36) . The multiple regression analysis used here does not accommodate such intrasubject variation in measured urine cadmium concentrations. Lack of information on the extent of such variation precludes an analysis that accommodates measurement error for cadmium. In the presence of such error, ordinary multiple regression analysis produces coefficients for cadmium that are biased toward zero (37) .
Third, we estimated standard errors for the regression coefficients under the assumption of simple random sampling, with each participant having equal probability of being sampled. The clustered nature of the NHANES sampling design introduces correlation between variables measured on subjects within the same PSU. Positive (17) and has been associated with renal damage (38) (39) (40) . Cadmium-induced renal damage has been conjectured to cause hypertension by increasing the retention of salts and water and/or the production of angiotensin, a powerful vasoconstrictor. Yet few biological explanations come to mind for a causal association between cadmium and hypertension that is limited to current smokers. Confounding by hypertensive treatment is a more likely explanation for the present findings, because the subgroup of current smokers included treated hypertensives with very high levels of both cadmium and blood pressure. These individuals greatly influenced the estimated regression coefficients, even in analyses that stratified on medication use. Indeed, little evidence for an association persisted after their removal from the analysis. The possible causal pathway from hypertensive treatment to elevated urinary cadmium levels illustrates the difficulties of causal inference from cross-sectional data.
Other epidemiologic data relating systemic cadmium levels to hypertension also are conflicting. Some studies have found higher blood cadmium levels in hypertensive than in normotensive adults (9, 11, 12) , while others have found no differences (41) . The positive findings are difflcult to interpret because the comparisons were not controlled for differences in age and smoking status between hypertensives and normotensives. Similarly, no clear picture has emerged from comparisons between hypertensives and normotensives in renal cadmium concentrations measured either at autopsy (8, 10, 15) or in vivo (13) . Failure to control for age and smoking status also complicates these comparisons. It is noteworthy that a slight negative association between urinary cadmium levels and blood pressure was found in a population-based Belgian study (16) which, like the present one, excluded treated hypertensives and controlled for age, smoking status, and obesity.
In summary, existing data do not support a causal relationship between cadmium exposure and elevated blood pressure among adults who are not occupationally exposed to cadmium or treated for hypertension. Elucidation of such a potential causal relationship requires further research incorporating control for the potential confounding effects of age, cigarette smoking, and hypertensive medication use. The Third National Health and Nutrition Examination Survey, conducted during the period 1988 to 1994, will include cadmium analysis of urine samples for approximately 30,000 adult participants. These data will be useful in resolving the issues raised here.
